Abstract-In this paper, we are interested in design of switching control strategies which, as in the case of classical direct torque control (DTC), aim to directly regulate two outputs: torque and flux amplitude. A criterion in terms of the error and/or the prediction in one-step-ahead on these outputs is proposed to design the switching sequence. As a result, a control vector, i.e., the switch position, is directly selected without the requirement of an auxiliary space vector or other modulation technique. We consider two criteria: quadratic and absolute value. Finally, experimental results implementing these two approaches are presented, and compared with the classical DTC.
I. INTRODUCTION
T HE direct torque control (DTC) strategy belongs to the class of sliding mode techniques, as shown in [1] . Such techniques largely tend to overlook the physical properties of the plant to be controlled and, in particular, ignore its energy dissipation characteristics. It is widely appreciated in applications that one of the main drawbacks of sliding mode strategies is the need for a sufficiently high switching frequency to guarantee a good performance. This condition may be difficult to fulfill, for example when switching frequency is limited because of the high power rating. This constraint significantly limits the performance of the system, as a good tracking toward the desired references cannot be guaranteed any longer. Such mode of operation increases the unavoidable "chattering" phenomena where high frequency oscillations may now excite unmodeled (high-order) system modes. However, it is also well known that this sliding mode control exhibits considerable robustness with respect to parameter uncertainties (except for parameters affecting the definitions of sliding surfaces). A. M. Stanković is with Department of Electrical and Computer Engineering, Northeastern University, Boston, MA 02115 USA (e-mail: astankov@ece.neu.edu).
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The disregard for system information is one of the main reasons for the performance degradation at low switching frequencies. We propose to include basic information about the evolution of the system to overcome such drawbacks. Specifically, we propose to use a switching strategy based on the minimization of a certain criterion in terms of the prediction of the output deviation. This strategy directly generates the switching vector. A first-order approximation is employed to evaluate the predicted output errors. The switching policy selects a control vector that will remain valid (in an average sense) over the sampling period. In other words, the policy aims to prevent the controller from switching unnecessarily to a signal that might be correct at the sampling instant, but not appropriate during the whole sampling period. A consequence is a reduction of unnecessary excursions of the state trajectories, and thus reduction of the unwanted chattering. The improvement is expected to be more evident when the ratio between the sampling period and the motor time constant is small. Following the classical DTC philosophy, the proposed strategies are aimed to generate the switching control vectors which should directly control the output torque and flux amplitude while guaranteeing regulation toward their desired references.
The paper is organized as follows: in Section II the system model and control objective are presented. Section III introduces a quadratic criterion, and explores its one-step-ahead prediction, together with the first switching strategy. Section III also revisits the classical DTC and describes its relationship with a quadratic criterion. By proposing a quadratic criterion and with the usual assumptions made in DTC (fast switching frequency and a reduced model for the induction machine) we are able to recover and visualize the look-up table commonly used to implement DTC. This description allows us to propose modifications to the classical DTC to include information on the one-step-ahead predictions. Section IV presents a second criterion based on the absolute value of the predicted errors. In Section V a discussion on the flux estimator is presented, as well as some guidelines about parameter tuning. Finally, experimental results are presented in Section VI to demonstrate the performance improvements over the classical DTC that are obtained with proposed strategies.
II. PROBLEM FORMULATION
The state-space representation of the motor dynamics is usually given in terms of the stator currents , rotor fluxes and rotor speed . This choice of coordinates stems from the fact that the control objective is typically expressed-for instance in field oriented control (FOC)-in terms of regulation of rotor flux amplitude and rotor speed [2] , [3] . In the basic version of DTC [4] , [5] , the objective is to directly control torque (hence, the name) and the amplitude of the stator flux. It is, therefore, more convenient to represent the model in stator flux coordinates as given by the following expressions (1) where and are the resistance values and is the 2 2 identity matrix; , are total inductances of rotor and stator, is the mutual inductance, is the number of pole pairs;
is a rotation matrix and we have defined the parameters , with the leakage factor satisfying ; is the rotor moment of inertia, the friction coefficient, is the rotor electrical position, so , is the load torque (assumed to be an unknown constant) and is the electrical torque.
In contrast with approaches based on averaging, control vectors are restricted in our formulation to the discrete set described in Table I for the stationary reference frame, 1 with the constant voltage provided by the source. Moreover, in an actual control implementation these vectors are selected at a given sampling time .
Under these conditions, the control objective can be established as follows: design a sequence of vectors , where is a positive integer, such that the outputs (2) 1 The admissible controls in the stationary () reference frame can be visualized as two dimensional vectors pointing to the vertices of a hexagon centered at the origin, plus a zero voltage which, because of two switch configurations that can generate it, is repeated twice.
where is the Euclidean norm, are regulated (close) to some constant desired values and , respectively. The time derivatives, which will be used later, are computed as follows: (3) (4) where , and it is clear that the motor dynamics (1) with outputs as defined in (2) has relative degree {1, 1}, which is defined in all regions of the state space where , [1] . Since the objective of the controller is to drive and to constant value references, namely and , respectively, it is clear that the zero dynamics will play a central role. It was shown [1] that that the zero dynamics associated to the outputs ( , ) is input-to-state stable and indeed periodic. The restriction to constant references does not amount to a significant loss of generality. Indeed, in most applications is typically a constant that changes occasionally (in ramp-wise manner or following a static profile of step changes combined with ramps) for flux weakening operation or for optimized energy transfer. Also, is slowly varying (relative to the electrical dynamics) as it represents the torque reference (divided by constant parameter ) usually generated by a PI external speed/position control loop. Nevertheless, in some cases a term can be added to the algorithms that we propose to compensate for changes in the reference.
III. SWITCHING STRATEGIES FOLLOWING A QUADRATIC CRITERION
Consider quadratic functions in terms of the increments described with and which might be combined in a single weighted "energy" function as follows: (5) where and are positive weighs, and we use the notation , , 2, with being the references. A simple criterion can be obtained by taking the time derivative of yielding (6) We then evaluate for every and select the that makes as negative as possible. Following this technique, a control vector which is valid for that time instant would be generated. This algorithm would present a good solution if an arbitrarily fast switching frequency is used in implementation. However, the switching frequency is limited in practice due to physical constraints. In addition, we observed in our experiments that a vector satisfying a criterion like the one above at a given instant of time is not always the optimal selection for the whole switching cycle. Such selection may lead to a considerable performance degradation when the switching frequency is low, or more specifically, when the ratio between the motor time constant and the sampling period is small.
As noted before, the controller will be implemented digitally, so a regular switching frequency with sampling time is assumed. Thus, is used to denote the value of the energy function (5) at sampling time. Our idea is to prevent the controller from switching unnecessarily to a control signal which may be correct at the sampling instant, but not optimal during the whole sampling period. Thus, we consider not only the information at a sampling instant, but also introduce information about the evolution of the system trajectories in one-step-ahead manner. Throughout the paper we will use interchangeably the terms one-step-ahead and predicted when referring to the -st sample of a given quantity. We select a control vector that will keep the outputs as close as possible to their respective references during the whole sampling period. As our first approach, we minimize the one-step-ahead sample of the energy function above, that is, given (7) find the controller according to
Since the predicted error is not available, we propose to estimate it according to a first order approximation as follows (8) (for simplicity we will consider that ). Notice that due to the relative degree condition mentioned in the previous section, the controller appears explicitly in , and thus is a function of , as shown below
The terms and do not provide any information for optimization purposes, since they are independent of . Hence, after neglecting terms, and extracting common factor and factoring with respect to , we obtain the following expression for the controller strategy (9)
We denote this strategy as the Quadratic controller, as it is based on the quadratic criterion.
Based on the form of (7), we may also consider an energy function which involves not only the predicted error, but a convex combination of the actual and the predicted error This yields the switching control strategy described by (10) where we require to guarantee stability of the imposed discrete dynamics , , 2. Notice that the Quadratic controller previously presented can be recovered from this strategy for . It is interesting to note that, for very small sampling period , the Quadratic strategy reduces to (11) which is of special interest since it is closely related to the standard DTC strategy as shown later.
A. DTC Revisited
In this section, we rederive the classical DTC strategy using the output regulation subspaces (ORS), a tool introduced in [1] , and we show that the classical DTC is of the form (11) under certain simplifying assumptions. First, we obtain a reduced approximation of the model (1) based on the standard assumptions made in DTC derivation-we consider unloaded machine with speed close to zero , with negligible stator resistance , and a small stator current such that . Under these assumptions, the reduced model is (12) The time derivatives of the outputs (2) are computed now as (13) We now use the concept of output regulation subspaces (see [1] for details) which are defined as the subspaces in the input space where the time derivatives of the outputs are zero. Thus we may define as many subspaces as there are outputs. In the case of the reduced model for the induction machine, this corresponds to the perpendicular lines intersecting at the origin 2 as shown in Fig. 1 . Expressions for the lines are where and are arbitrary constants. The directions of these lines are and for and , respectively. These straight lines induce a partition of the input space into four TABLE II  SWITCHING TABLE ALGORITHM FOR THE CLASSICAL DTC quadrants, assigning to each quadrant a unique combination of signs for the time derivatives as shown in Fig. 1 .
The DTC switching logic can now be derived as follows. First, the input space is divided into six sectors each having a control vector exactly at the middle as shown in Fig. 1 , and assign to each sector the same identification number as the vector contained in it. Second, consider that the flux vector is contained in the sector number as shown in Fig. 1 ; thus the separating lines cannot extend further than the shaded area. Consider the case when we want to increase : from Fig. 1 The switching policy is then reduced to search for the sector to which vector belongs; based on the sign of the errors, Table II is used to select an appropriate control vector. These simple derivations motivate the qualifier "direct" in DTC because we can-in principle-directly regulate the behavior of and . It is then clear that we can always select a vector from the available ones that will simultaneously make negative both products and . Notice that in the standard derivation of DTC as described earlier, vectors close to the line , i.e., vectors and , are neglected, and the farther ones are preferred. It turns out that the preferred ones are the closest to the perpendicular line . Roughly speaking, this means that DTC strategy is giving more priority to the torque regulation, as its time derivative is forced to take the largest absolute value. Hence, according to our criterion (11), for the cases when more than one vector makes negative simultaneously and , we can always define a set of gains and to select the vector that minimizes (11), giving the priority to the torque output.
An immediate corollary is that the DTC will provide satisfactory performance for lightly loaded machines at low speeds, which are the operating regimes where DTC has shown to outperform FOC, see [5] for details. On the other hand, it is clear that the switching strategies which take into account the full motor dynamics will outperform DTC when operating regimes are different-as confirmed by our experiments.
B. Predictive Modifications for Classical DTC
As stated above, DTC strategy relies on the actual error; however, according to the Quadratic strategy (9), we may incorporate the prediction feature into the classical DTC strategy. Notice that the only difference between strategies (9) and (11) is in the computation of the error signal-in (11) the errors are , while in (9) they are . In a first attempt we may modify the computation of the increments used in classical DTC as (14) and with these error signals we use Table II to extract the control vector . However, such modification is not implementable with information available at one instant of time, because in (14) the control vector (the one we are searching for) is unknown. As an approximation we may propose to consider the previous control for the computation of (13) used in (14), i.e., to assume that the previous control is kept in the next switching interval. Unfortunately in our experiments there was no substantial improvement over standard DTC when this idea was implemented.
Since after a sampling instant both the ORS orientation and outputs errors change, we may consider predictions for both. We can estimate the new orientation of the ORS in one-step-ahead by computing a prediction of the fluxes using (12), and use (13) and (8) for the output error prediction. This idea has the same drawback, as the control vector needed in both computations is unknown. Again we may use instead the previous control vector, but the experiments showed no major improvements.
A third option would be to search for control according to (9) for some , and then to use the reduced model output derivatives (13) to lower the computational effort in the evaluation of algorithm (9). We refer to this strategy as DTC-Quadratic modified since the modification is based on the Quadratic criterion, but uses the reduced model. In this case the experiments revealed a considerable performance improvement; we show results in the section on experimental results.
IV. SWITCHING STRATEGIES FOLLOWING AN ABSOLUTE VALUE CRITERION
We also considered minimization of a criterion consisting of weighted absolute values of prediction errors; the task is to find that minimizes the weighted function where we have used a similar first order approximation (8) to estimate the one-step-ahead values. An expression for the controller can be derived as follows:
(15) which is referred to as Absolute value strategy. As before, we may extend this criterion by considering the convex combination of the present and the predicted error.
V. REMARKS ON IMPLEMENTATION
From the preceding analysis it is clear that rotor speed, stator currents and stator fluxes are needed for the evaluation of the control; the outputs of interest (torque and flux amplitude) can be derived from this set of variables as well. While rotor speed, stator currents and voltages can be measured, stator fluxes are to be estimated online using a suitable observer. For this task, we prefer to use the observer proposed in [7] which, according to the authors, exhibits an arbitrary fast convergence. For the sake of completeness, we present here the nonlinear equations describing this observer where and are two gain matrices, with , , and some real constants. In [7] this two gain matrices are expressed as complex gains with representing the real part and the imaginary part. Following the same ideas for the proof as in [7] , and considering a complex representation of the error model, that is, with matrix substituting the complex number and using the generalized Routh-Hurwitz criterion [6] (for Linear Time Invariant LTI systems with complex coefficients) we obtain the following conditions that guarantee convergence of the observer These inequalities suggest a selection of positive , and small values for both imaginary parts (with the same sign). Moreover, as pointed out in [7] , these gains are used to place the poles of the LTI error dynamics. Since stator current dynamics is faster than dynamics of total stator flux, we propose to select the gain larger than -in the experimental setup their ratio is about 20.
The torque and flux amplitude outputs can now be estimated as
In just presented switching strategies the two positive weighs and are used to vary relative priority of the outputs. Thus, to give approximately the same priority to both outputs, as suggested in [8] , we propose to keep similar values for the ratio between the weighting factors and the ratio between rated values of their respective outputs, that is
In the case that more priority is to be given to a given output (for instance if we try to mimic the behavior of standard DTC) an increase of 10% in the corresponding weight is typically sufficient.
VI. EXPERIMENTAL RESULTS
We implemented the following strategies: Quadratic (9), Absolute value (15) and the modified version of DTC using the Quadratic criterion (Section III-B) in an induction motor controlled by a three-phase inverter, and the results are compared with those obtained with the classical DTC strategy. The induction motor is connected to the public utility grid by an uncontrolled (diode) rectifier and supplied by a three phase IGBT inverter. The inverter drives are controlled by a DSP-based board which generates the switching voltage vectors , , . An interface board including a simple protection circuit, pulses separation and dead time generation was implemented. For simplicity, inactive switching states and were not used as they require special modulation techniques and a more complex logic algorithm. A dc motor is coupled to the induction motor shaft, and is used as a load torque generator. This dc motor is controlled by a 12 thyristor current controller.
The induction motor parameters are: , the number of pole pairs is , , ,
, . The sampling frequency is set to 20 Khz for measuring stator currents and voltages, while the switching frequency is 6.6 Khz. The idea behind the use of a switching frequency smaller than a sampling frequency is to stress the ability of the proposed strategy to maintain a good performance in high power applications (in contrast with the conventional DTC). The oversampling is required to allow convergence of the observer presented in the previous section.
The strategies are implemented using a PI speed regulation in the external loop. This external loop uses a 2000 pulses per revolution speed transducer with a sample time equal to 1 ms. The PI controller was adjusted experimentally. A good response was obtained using and . The same PI constants were used for all experiments. Several tests were performed under various load and reference conditions, and we present here only the most relevant. In the first experiment we study the start-up operation of the machine having a speed reference of 1500 rpm and zero load torque. Fig. 2 show the transient response of the torque for the different strategies. We observe that the proposed strategies, including the simple modification to DTC, not only show better output response time, but also reduce the chattering compared with the classical DTC strategy. Fig. 3 shows that, as a result of the faster response of the torque, the proposed strategies also show faster response of the speed toward its desired reference 1500 rpm.
In the second test, we study the transient response following a step change in the load torque from 0 to approximately 30 Nm after the machine has reached the speed reference 1500 rpm. For brevity we only show the torque responses in Fig. 4 , as before, a significant chattering is observed in the DTC torque response compared with the much smoother ones in the Quadratic and the Absolute value based strategies as well as in the DTC-Quadratic modification. Fig. 5 shows that the flux amplitude responses of the Quadratic and Absolute value based strategies have a smaller ripple than the standard DTC strategy. Fig. 6 shows the plots of the currents versus for all the strategies in steady state with 30 N-m torque load and rotor speed of 1500 rpm. We observe that the stator currents have a larger distortion in the classical DTC than in the proposed strategies. Similar results were observed in the no load case. 
VII. CONCLUSION
We presented a series of switching control strategies aimed at reducing the ripple in the torque response. As in the standard DTC strategy, the proposed strategies focus on a direct regulation two outputs, namely torque and flux amplitude. These strategies are based on the minimization of a weighted function of quadratic or absolute value functions of the output errors. As a result, the control vector, i.e., the switching position, is directly selected without the need of an auxiliary modulation technique (e.g., space vector). We show that classical DTC belongs to the class of strategies based on a quadratic criterion. Starting from this observation, we propose a slight modification to the classical DTC to reduce the torque ripple. Finally, experimental results are presented that exhibit performance improvements attained using the proposed strategies when compared with the classical DTC.
